The two-step heat treatment method is used to measure the steady state crystal nucleation rate and induction time as a function of temperature in BaO•2SiO2 and 5BaO•8SiO2 glasses. For both glasses, the temperature for maximum nucleation rate and the temperature range for significant nucleation agree well with previous estimates from differential thermal analysis studies. The data are analyzed with a new iterative method to obtain the interfacial free energy and critical work of cluster formation as a function of temperature. For temperatures below the temperature at which steady-state nucleation rate is a maximum, the critical work of cluster formation is shown to strongly deviate from expectations of the classical theory of nucleation.
Introduction
Understanding and controlling crystal nucleation is critically important for the manufacturing of glass and glass-ceramic products [1] [2] [3] . Nucleation and growth of crystal phases must be effectively suppressed for glass formation and subsequent processing, as well as to ensure longterm stability of the glass products. For glass ceramics, nucleation and growth must be precisely controlled to produce the desired devitrified microstructures, including the number, type, and size of crystallites formed in the glass ceramics [4] [5] [6] [7] . Currently, the knowledge of how to control 2 nucleation is largely gained from empirical studies. Improved models beyond the commonly used Classical Theory of Nucleation (CNT), which is known to be significantly flawed [8] , are needed.
The development of these more advanced models, however, is partially hindered by the lack of experimental data over a wide range of silicate glasses.
In this publication, we present new time-dependent nucleation data in two barium silicate glasses.
The data were obtained using a two-step heat-treatment method [9] [10] , in which glasses are first heated isothermally at a temperature that is near the peak nucleation rate (the nucleation step). The nuclei formed there do not grow significantly since the growth rates are very small at this temperature. To grow them to observable size, the nucleated glasses are given a heat treatment at a second, higher, temperature where the growth rate is large, but the nucleation rate is small (the growth step).
While the nucleation rate has been measured in BaO•2SiO2 glasses in several previous studies [11] [12] [13] , those results suffer from a lack of sufficient data to accurately obtain the steady state nucleation rate and one case reports inconsistent results. Further, no measurements of the nucleation rate in 5BaO•8SiO2 glasses exist. In this work, the steady state nucleation rate and the induction time are measured as a function of temperature in BaO•2SiO2 and 5BaO•8SiO2 glasses.
The results are in agreement with previous estimates of the temperature ranges for significant nucleation and the peak temperatures in the steady-state rates obtained from differential thermal analysis (DTA) studies [14] , further validating the DTA method to make quick surveys of nucleation temperatures. The experimental data are analyzed using a new iterative method to obtain the interfacial free energy and the critical work of cluster formation (nucleation barrier) as a function of temperature. As found in other silicate glasses, the interfacial free energy has a positive temperature dependence at temperatures above that of the peak nucleation rate. Below the 3 peak nucleation temperature, the rates are different than predicted from CNT. The departure is more pronounced in these glasses than in other glasses that have been studied. They suggest that rather than continuing to decrease with decreasing temperature, the nucleation barrier first enters a plateau and then begins to rise slowly below the peak nucleation rate temperature.
Experiments
The BaO•2SiO2 and 5BaO•8SiO2 glasses studied were prepared by Corning Incorporated. To produce the glasses, 2500 g batches of barium carbonate and high-purity silica were mixed in specific ratios, corresponding to the composition of each glass, and melted in platinum crucibles at 1600 °C for 6h. These liquids were then quenched to form glasses that were broken into glass cullet. To make homogenous glasses, these were re-melted at 1500 to 1600 °C for 6h, and then roller quenched or made into patties by pouring onto a stainless steel table. Glasses were analyzed using Inductively Coupled Plasma -Optical Emission Spectroscopy (ICP-OES) to determine the actual compositions, confirming that the BaO•2SiO2 and 5BaO•8SiO2 glasses contained 33.2 and 38.8 mol% BaO, respectively. The glass transition temperature (Tg) was determined by differential scanning calorimetry (DSC) with a heating rate of 10 K/min after cooling the samples at 10 K/min from the supercooled liquid to room temperature. The Tg values for the two glasses are 694.5 °C for BaO•2SiO2 and 696.6 °C for 5BaO•8SiO2.
One 5BaO•8SiO2 glass was heat treated at 725 °C for 97 minutes and then heat treated at 846 °C for 47 minutes to crystallize the sample. The crystallized sample surface was polished using 400 grit SiC paper, washed in water and ultrasonically cleaned in acetone. Using this sample, the enthalpy of fusion (212.3 kJ mol ⁄ ) and the liquidus temperature (1446.4 °C) were obtained from DSC measurements using a NETZSCH DSC 404 F1 Pegasus. The temperature and heat flow sensitivity of the DSC were calibrated by using the melting point of standard metals and the phase 4 transition points of inorganic compounds. The heat flow accuracy was further verified by using a sapphire standard. The DSC measurements were made in platinum crucibles under an inert argon atmosphere at a 10 K/min heating rate from room temperature.
The BaO•2SiO2 and 5BaO•8SiO2 glasses were cut into smaller samples for the nucleation studies. Following the two-step heat treatments, the samples were polished with 400, 600, and 800 grit SiC papers and a 0. After etching, the samples were washed in deionized water, then ultrasonically cleaned in acetone and deionized water separately, and dried on tissue paper in the air.
Microscopy images were obtained from different surface polished regions of the partially crystallized glass using an Olympus BX41M-LED optical microscope. A typical image for a BaO•2SiO2 heat-treated glass is shown in Figure 1 ; the crystals have an irregular shape. For this case, the area of the crystal in the image was measured, treating the irregular shape as a sphere 
where S N is the number of crystals measured per area in the image and Y is the average of the reciprocal diameters in the image [15] [16] . Overlapping crystals were not used to determine the diameter, but were still counted to obtain the number of crystals per unit area. If the overlapping was so great that the number of crystals could not be counted, the image was not used for the analysis. Instead, a different growth treatment time was chosen to produce less crystal overlap. A typical image of the crystals in the 5BaO•8SiO2 glass is shown in Figure 2 ; unlike the crystals in Typical image observed in optical microscope for 5BaO•8SiO2 glass that was heat treated at 700 °C for 57 minutes to develop a population of nuclei; these were grown to observable size by a second heat treatment at 846 °C.
Results

BaO•2SiO2
The As shown in Figure 4 , the measured steady state nucleation rate has a maximum at 712 °C. This is in agreement with a previous estimate made from DTA studies [14] . The measured width of the nucleation rate (i.e. the temperature range for significant nucleation) is also in agreement with the The steady state nucleation rate and the inverse DTA crystallization peak temperature (which tracks with the nucleation rate -see [14] ) versus the nucleation temperature for BaO•2SiO2 glasses.
5BaO•8SiO2
The measured values of for the 5BaO•8SiO2 glass are shown as a function of the heat treatment time at the nucleating temperature in Table 2 . The induction time at 775 °C could not be obtained since the intercept was negative, again reflecting the measurement error for short induction times. The measured steady state nucleation rate has a maximum at 725 °C ( Figure 6 ). Like the BaO•2SiO2 glass, this result is in agreement with an estimation made from previous DTA studies [14] . The temperature ranges for significant nucleation in the data measured here are also similar to those estimated in the DTA studies. 
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Methods of Analysis
Method #1
The measured data are analyzed using the CNT [8] The Zeldovich factor in eq. (2) (6) which is a fundamental time describing the evolution of the cluster distribution and is given by 
Taking the natural logarithm of eq. (8) 
The induction time measured in the two-step experiments is the value at the critical size for the growth temperature, G T , i.e. * G T n  . However,  in eq. (9) 
where E  is Euler's constant (0.5772…) and 
Method #2
It is widely assumed that the interfacial free energy obtained from nucleation data linearly increases with increasing temperature [8] . This is argued to be a consequence of the diffuse interface between the nucleating cluster and the parent phase [20] [21] [22] [23] . Using  for these low temperatures were calculated from eqs. (4) and (10).
Analysis Results and Discussion
From eq. (9) [17].
While a straight line is observed at higher temperatures in both glasses, a marked departure near the peak nucleation temperature is observed. While this has been observed previously in other silicate glasses [24] , it is particularly strong in these measurements. The reasons for this behavior remain unclear. This is explored in more detail in the following sections. 
BaO•2SiO2
Results from Method #1
For the analysis of the data for the BaO•2SiO2 glasses, one monomer was assumed as one formula Radically different results are observed for temperatures above or below the temperature for the maximum steady-state nucleation rate (985 K). As shown in Fig. 8 .b, the interfacial free energy increases above 985 K, as has commonly been found. However, it decreases with increasing temperature below 985 K. As shown in Fig. 8 .c, * B W k T decreases with decreasing temperature at high temperatures, as expected within the CNT [27] , but it plateaus and begins to slowly increase with decreasing temperature below 985 K. As normally observed, the log of the corrected induction time, * N T n  , increases with increasing inverse temperature (Figure 8.d) . From the Kashchiev expression eq. (7), this reflects the increased mobility at higher temperatures.
Results from Method #2
Why the interfacial free energy would have such an abrupt change in temperature dependence below the peak nucleation rate temperature is difficult to understand. Based on other evidence, it should increase linearly with temperature [20] [21] [22] . To investigate this, the high temperature data 
5BaO•8SiO2
Results from Method #1
The nucleation data in the 5BaO•8SiO2 glass were analyzed following method similar discussed in section 4. 
Results from Method #2
Again following the approach already discussed for the BaO•2SiO2 glass, the high temperature values of  were linearly extrapolated to lower temperatures ( Fig. 11.a) W k T still reach a plateau below that temperature (Fig. 11.c) , which is in conflict with all know theories of nucleation.
The logarithm of the induction time still scales with inverse temperature (Fig. 11.d) . A consistent picture emerges from these studies. In both glasses, there is a radical change of trend in the critical work of cluster formation (nucleation barrier) for temperatures below the peak in the nucleation rate. A similar behavior has been observed previously in other silicate glasses [27, 29] .
While sometimes explained as experimental error, the effect is far outside experimental error in these mBaO•nSiO2 studies. Some investigators have tested possible theoretical explanations such as elastic stress, changing size of structural units, spatial heterogeneity and dynamical heterogeneity to account for the effect [27, [29] [30] [31] , but the correct explanation remains unclear due to the lack of experimental or modeling evidence.
Conclusions
In summary, the steady state nucleation rates and induction times were measured at multiple temperatures in BaO•2SiO2 and 5BaO•8SiO2 glasses using the two-step heat treatment method. For BaO•2SiO2 glass, the steady-state nucleation rate has a maximum at 712 °C. For 5BaO•8SiO2 glass the maximum rate is at 725 °C. These results are in agreement with previous estimates made from differential thermal analysis measurements.
A new iterative method was introduced to calculate the interfacial free energy and critical work of cluster formation. For both glasses, the critical work of cluster formation shows an anomalous behavior, entering a plateau and slowly increasing rather than decreasing with decreasing temperature at low temperatures. This behavior either arises from an abrupt change in the temperature dependence of the interfacial free energy or decrease in the driving free energy for nucleation. The change in driving free energy is more likely, since the positive temperature dependence of the interfacial free energy arises from the diffuse interface between the cluster and the parent phase, which probably becomes even more diffuse at lower temperatures. The departure in the temperature dependence of the nucleation barrier is in disagreement with all known theories 24 of nucleation. As we will explain in a future publication, using a Grand Canonical Monte Carlo simulation technique [32] , we suggest that it arises from a closing-off of the nucleation pathways at lower temperatures. Clearly, nucleation processes in silicate glasses are much more complicated than has been understood previously.
